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Abstract
We examine the electroweak gauge sector of noncommutative standard model and in partic-
ular, obtain the O (θ) Feynman rules for all quadrilinear gauge boson couplings. Surprisingly,
an electroweak-chromodynamics mixing appears in the gauge sector of noncommutative standard
model, where photon as well as the neutral weak boson are coupled directly to three gluons. The
phenomenological perspectives of the model inW−W+ → ZZ scattering are studied and it is shown
that there is a characteristic oscillatory behaviour in azimuthal distribution of scattering cross sec-
tions which can be interpreted as a direct signal of noncommutative standard model. Assuming
the integrated luminosity 100 fb−1, the number of W−W+ → ZZ subprocesses are estimated for
some values of noncommutative scale ΛNC at different center of mass energies and the results are
compared with predictions of the standard model.
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I. INTRODUCTION
Over the last 15 years, there has been an increasing interest to study noncommutative
standard model as a candidate for beyond Glashaw, Weinberg and Salam model of particle
physics [1–8]. This is partially because of the modern foundations of string theory, where
in its context it was shown that noncommutative models occur in description of low energy
excitations of open strings in the presence of a constant background B-field [9]. On the other
hand, noncommutative theories are of interest on their own as a nontrivial generalization of
ordinary gauge theories on a deformed background which is defined by commutation relations
[xµ, xν ] = iθµν , where xµ denotes the spacetime 4-vector and θµν is a constant, real and
antisymmetric matrix of dimensions GeV−2 [10]. It is generally believed that signatures of
noncommutative spacetime can be observed at string scale, typically on the order of Planck
distance, where the quantum effects of gravitational fields become significant. Although
the Planck scale (1019GeV) is actually far from our direct access, however, assuming the
possibility of the existence of large extra dimensions and given that the onset of string effects
is at TeV scale, signatures of noncommutative background are expected to be observable at a
few TeV [11, 12]. Today, there is a positive attitude, both experimentally and theoretically,
for a new physics at TeV scale and intense experimental efforts [13, 14], phenomenological
studies [15, 16], as well as many independent model buildings [17, 18] are currently underway
to find out signs of the new physics beyond the standard model. Noncommutative extension
of the standard model appears to be a suitable candidate for the new physics and it may
finally be realized by nature at TeV domain of energy. Nevertheless, the situation is uncertain
and some alternative scenarios with compatible successes, such as SUSY models [19, 20] and
D-Branes [21, 22], also have been suggested all awaiting for experimental confirmation.
Noncommutative field theories can be constructed by the Moyal-Weyl correspondence,
where the usual product of functions are promoted to an associative star product which is
defined as [23, 24]
f(x) ⋆ g(x) = f(x) exp
(
i
2
θµν
←−
∂
∂xµ
−→
∂
∂yν
)
g(y)|y=x . (1)
There are, however, two serious problems in constructing noncommutative standard model
based on this approach. The first and probably the most important difficulty in the Moyal-
Weyl correspondence is the problem of charge quantization. That is, the possible charges
2
for the matter fields are automatically restricted to the values −1, 0,+1. Secondly, it turns
out that in the non-Abelian case, only noncommutative models with U(N) gauge symmetry
are allowed in this approach [25, 26]. An idea to resolve these problems was proposed by
Chaichian et al. [27]. They built up a noncommutative U(3)⊗U(2)⊗U(1) gauge theory and
then reduced it to noncommutative SU(3) ⊗ SU(2) ⊗ U(1) model by breaking the original
symmetry of the theory in an appropriate manner. The model, however, introduces some
extra bosons (three vector and one scalar) in comparison with the standard model. An al-
ternative solution which cure both the problems and at the same time preserves the particle
content of the standard model, is to use of Seiberg-Witten maps for noncommutative gauge
field Aˆµ and the corresponding gauge transformation parameter Λˆ [9]. Under such a con-
struction noncommutative objects are written as an infinite series on deformation quantity
θµν which then, upto an arbitrary order in θµν , they can be expressed in terms of usual
(commutative) fields and gauge parameters. Contrary to ordinary field theories because of
the presence of ⋆−product the commutation relations of noncommutative gauge fields as well
as the gauge parameters do not close to the Lie algebra of the symmetry group. This prob-
lem can be circumvented by constructing noncommutative models based on the enveloping
algebra of the gauge group. This idea was proposed by Jurcˇo et al. [28, 29] and used to
extend the Siberg-Witten maps to non-Abelian gauge fields as well as the gauges coupled
to matter fields. Along these lines, Calmet et al. [30] introduced the minimal noncommuta-
tive standard model and later developed it to the non-minimal extension (according to the
freedom in choice of traces in the gauge sector) of the model [31, 32]. The Seiberg-Witten
construction by Jurcˇo and collaborators. [28] also has found applications in relation with
gravitation and topology [33, 34]. Recently, some of geometric and topological implications
of noncommutative Wilson loops have been studied in Ref. [35].
Noncommutative models have a rich phenomenological content and many interesting
features. In particular, noncommutative standard model introduces new interactions which
are forbidden in the standard model. Such interactions can be used to test the model
through rare events (see for example [36–38]) and may lead to a distinct phenomenology.
Another remarkable feature of the model is that, there are contributions from the Higgs
part of the noncommutative action which enter directly into pure gauge sector of the theory
and can affect the electroweak gauge boson interactions. The Feynman rules for Trilinear
Gauge boson Couplings (TQC’s) including contributions from the Higgs sector for both the
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minimal and non-minimal models have been already obtained [31]. Recently, the rules for
the Higgs couplings with gauge bosons have been also completed [39]. Here, we are going to
obtain the O (θ) Feynman rules for Quadrilinear Gauge boson Couplings (QGC’s) in both
the minimal and non-minimal noncommutative standard model.
This paper is organized as follows. In Sec. II, we review briefly the minimum required
basis of noncommutative standard model. In particular, we emphasize on the gauge and
Higgs sectors of the model and identify the relevant interactions for QGC’s. In Sec. III, we
obtain the Feynman rules for all QGC’s including the anomalous couplings of photon and
the weak boson Z0 to three gluons. In Sec. IV, we study phenomenological perspectives of
the model in W−W+ → ZZ scattering and in Sec. V summarize the paper and outline the
concluding remarks. We will use a notation close to the original paper by Melic´ et al. [31] to
make the next review section short and the results readily applicable for phenomenological
studies.
II. SEIBERG-WITTENMAPS AND NONCOMMUTATIVE STANDARD MODEL
To begin, let us recall that the action of noncommutative standard model can be easily
built up from the action of the standard model by replacing the normal products between
fields with ⋆ ones, and the fields by their corresponding Seiberg-Witten maps. For the
fermion field ψ and an arbitrary gauge field Vµ, upto the first order of deformation parameter
θµν this means [28, 30]
ψ → ψˆ[ψ, V ] = φ− 1
2
θρσVσ∂ρφ+
i
8
θρσ[Vρ, Vσ], (2)
Vµ → Vˆµ[V ] = Vµ + 1
4
θρσ{∂ρVσ + Fρσ, Vσ} . (3)
A hat on letters is to indicate the noncommutative objects. The bracket { , } denotes the
anticommutator of operators and Fµν is the usual field strength tensor. The noncommutative
field tensor is defined as Fˆµν = ∂µVˆν−∂ν Vˆµ− ig[Vˆµ, Vˆν ]⋆ and ⋆−commutator means Vˆµ ⋆ Vˆν−
Vˆν ⋆ Vˆµ. In order to construct noncommutative standard model one can choose the gauge
potential Vµ = g
′AµY + g
∑3
a=1B
a
µT
a
L + gs
∑8
b=1G
b
µT
b
S , where Aµ, Baµ and Gbµ represent the
fields associated respectively to UY(1), SUL(2) and SUC(3) gauge groups with corresponding
coupling constants g′, g, gs. Also, Y , T aL and T
b
S are generators of the relevant structure
groups.
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On the other hand, the noncommutative Higgs field Φˆ is given by the hybrid Seiberg-
Witten map as
Φ→ Φˆ[Φ, V, V ′] = Φ + 1
2
θρσVσ
[
∂ρΦ− i
2
(VρΦ− ΦV ′ρ)
]
+
1
2
θρσ
[
∂ρΦ− i
2
(VρΦ− ΦV ′ρ)
]
V ′σ . (4)
Observe that, noncommutative Higgs field can be transformed under two different gauge
groups on the left and the right corresponding respectively to gauge potentials Vµ and
V ′µ [31]. The action of noncommutative standard model can be formally written as
SNCSM = Sferimion + Sgauge + SHiggs + SYukawa , (5)
The relevant expressions for each part of the above action have been obtained in [31]. For
our purposes, it suffices to rewrite only the gauge and Higgs parts in detail.
A. Gauge sector
The gauge action is [31, 32]
Sg = −1
2
∫
d4xTr
1
G2
Fˆµν ⋆ Fˆ
µν ,
1
g2I
= Tr
1
G2
T aI T
a
I , (6)
where, gI ’s are usual (commutative) coupling constants g
′, g, gs. Here, the trace is over all
the unitary and irreducible representations of the symmetry group and G is an operator
which commutes with generators of the gauge group and determines the coupling constants
of the model. It is in general, a function of Y and Casimir operators of SUL(2) and SUC(3).
Because the noncommutative fields are valued in the enveloping algebra of the gauge group,
the trace in Eq. (6) is not unique depends strongly on the choice of a representation for gauge
fields [30, 31]. All the representations which appear in the standard model are important
and must be considered. Using Seiberg-Witten map (3) and the ⋆−product prescription
in (1) upto the first order in θµν we can rewrite the gauge action as
S g = −1
2
∫
d4xTr
1
G2
FµνF
µν
+ θρσ
∫
d4xTr
1
G2
(
1
4
FρσFµν − FρµFσν
)
F µν . (7)
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1. Minimal noncommutative standard model
The simplest choice for representation of gauge fields is the adjoint representation. In
this case the trace is taken independently over generators of the symmetry groups, i.e.,
respectively over Y , T aL and T
b
S . In this case the resulting (gauge) action will remain as close
as possible to that of the standard model. By substitution of gauge potential Vµ in (7) and
rearranging the fields we get
S mg = −
1
2
∫
d4x
(
1
2
AµνAµν + BaµνBµν,a +GaµνGµν,a
)
+
1
4
gsd
abcθρσ
∫
d4x
(
1
4
GaρσG
b
µν −GaρµGbσν
)
Gµν,c , (8)
where,
Aµν = ∂µAν − ∂νAµ , (9a)
Baµν = ∂µB
a
ν − ∂νBaµ + g ǫabcBbµBcν , (9b)
Gaµν = ∂µG
a
ν − ∂νGaµ + gsfabcGbµGcν . (9c)
The Aµ and Baµ fields can be expressed in terms of physical fields as usual using
B1µ =
W+µ +W
−
µ√
2
, B2µ = i
W+µ −W−µ√
2
, (10a)
Aµ = cos θwAµ − sin θwZµ , (10b)
B3µ = sin θwAµ + cos θwBµ . (10c)
Here, Aµ is the photon field, Zµ and W
±
µ are weak boson fields and θw stands for the weak
mixing angle. From Eq. (8) it follows that in the minimal noncommutative model and at
leading order of θµν , the electroweak part of the gauge action is the same as that of the
standard model. The QCD sector, however, differs from its corresponding action in the
standard model and has already been discussed in [32].
By substitution of field tensors (9b) - (9c) in (8) we can isolate the relevant parts of the
gauge action to (electroweak) QGC’s as
− 1
2
g2
∫
d4x ǫabc ǫab
′c′BbµB
c
ν B
µ,b′Bν,c
′
, (11)
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which then using (10b) - (10c) can be written as
∼ g2
∫
d4x
(
W+µ W
−µW+ν W
−ν + · · ·
+ sin2 θwW
+
µ W
−µAνA
ν + · · ·
+ cos2 θwW
+
µ W
−µZνZ
ν + · · ·
+ sin θw cos θwW
+
µ W
−µAνZ
ν + · · · ). (12)
where, each line represents a typical of a number of interaction terms which differ from each
other in indices and upto an numerical factor. From these interactions we obtain the gauge
part of Feynman rules for W−W+W−W+, W−W+γγ, W−W+ZZ andW−W+Zγ couplings
in the context of minimal model. Notice that because the minimal extension of the standard
model leaves the electroweak gauge action invariant, these expressions will be the same as
the rules in the standard model. The rules will be given in Sec. III.
2. Non-minimal noncommutative standard model
In the non-minimal model, the trace in (6) is chosen over all particles existent in the
model (with different quantum numbers) which have covariant derivatives acting on them.
In the standard model, there are five multiples of fermions for each generation and one Higgs
multiplet (see Table I in [30, 31]). The non-minimal gauge action up to the linear order in
θµν will be
Snmg = S
m
g + g
′3k1θ
ρσ
∫
d4x
(
1
4
AρσAµν −AµρAνσ
)
Aµν
+ g′g2k2θ
ρσ
∫
d4x
[(
1
4
AρσBaµν −AµρBaνσ
)
Bµν,a
+ Cyclic Permutation of Fields
]
+ g′g2sk3θ
ρσ
∫
d4x
[(
1
4
AρσGaµν −AµρGaνσ
)
Gµν,a
+ Cyclic Permutation of Fields
]
. (13)
The constants ki, i = 1, 2, 3 are model parameters which by using a set of constraints can
be determined in terms of coupling constants of the model [36, 37, 40].
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The pure electroweak QGC’s arise from following interactions
g′g2 k2
∫
d4x ǫabcθρσ
[Aρσ∂µBaνBµ,bBν,c
+Aµν∂ρBaσBµ,bBν,c +
1
2
Aµν(BbρBcσ∂µBν,a
− 1
2
BbρB
c
σ∂
νBµ,a)−Aµρ(∂νBaσBµ,bBν,c
− ∂σBaνBµ,bBν,c +BbνBcσ∂µBν,a
−BbνBcσ∂νBµ,a)−Aµν(∂µBaρBbνBcσ
− ∂ρBaµBbνBcσ +BbµBcρ∂νBaσ − BbµBcρ∂σBaν )
−Aνσ(∂µBaρBµ,bBν,c − ∂ρBaµBµ,bBν,c
+BbµB
c
ρ∂
µBν,a −BbµBcρ∂νBµ,a)
]
(14)
By inserting (10b) - (10c) in (14) we find
∼ g′g2 k2
∫
d4xθρσ
(
cos2 θw∂ρAσ∂µW
−
ν W
+µZν + · · ·
+ sin θw cos θw∂ρAσ∂µW
+
ν W
−µAν + · · ·
+ sin2 θw∂ρZσ∂µW
+
ν W
−µZν + · · · ) (15)
An important point to be noted here is that the W−W+W−W+ coupling is not affected
from interactions in the gauge sector of non-minimal noncommutative model because there
is no interaction term containing four charged boson fields in (15).
On the other hand, in addition to pure elctroweak gauge couplings, because of the inter-
actions involved in (13) there is also an electroweak-chromodynamics mixing in the gauge
sector of non-minimal model which arises from interactions in the last two lines of (13).
They are
g′ g3sf
abc
∫
d4xθρσ
[Aρσ∂µGaνGµ,bGν,c
+Aµρ(∂νGaσGµ,bGν,c − ∂σGaνGµ,bGν,c
+ ∂µGν,aGbνG
c
σ − ∂νGµ,aGbνGcσ)
+Aµν(∂µGaρGν,bGcσ − ∂ρGµ,aGν,bGcσ
+ ∂νGaσG
µ,bGcρ − ∂νGσ,aGµ,bGcρ)
+Aνσ(∂µGaρGµ,bGν,c − ∂ρGaµGµ,bGν,c
+ ∂µGν,aGbµG
c
ρ − ∂νGµ,aGbµGcρ)
]
. (16)
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Here a, b, c run from 1 to 8 for gluon fields Gµ. Proceeding as before, the relevant interactions
for the coupling of photon to gluons will be
∼ g′ g3s fabc
∫
d4xθρσ
[
cos θw∂ρAσ∂µG
a
νG
µ,bGν,c
+ cos θw(∂µAρ∂µG
a
σG
µ,bGν,c + · · · )] (17)
Also, for Z0 coupling to gluons we obtain
∼ g′ g3s fabc
∫
d4xθρσ
[
cos θw∂ρAσ∂µG
a
νG
µ,bGν,c
+ cos θw(∂µAρ∂µG
a
σG
µ,bGν,c + · · · )] (18)
B. Higgs sector
The Higgs part of noncommutative action is
SHiggs =
∫
d4x
[
(DˆµΦˆ)
† ⋆ (DˆµΦˆ)− µ2Φˆ† ⋆ Φˆ
− λ Φˆ† ⋆ Φˆ ⋆ Φˆ† ⋆ Φˆ]. (19)
Here, µ and λ are respectively the mass parameter and coupling constant. Also, Dˆµ denotes
the covariant derivative which is defined for noncommutative Higgs field as Dˆµ = ∂µΦˆ −
iVˆµ ⋆ Φˆ + iΦˆ ⋆ Vˆ ′µ. The expansion of (19) using (1), (4) yields
SHiggs =
∫
d4x
[
(DµΦ)
†(DµΦ)− µ2Φ†Φ− λ(Φ†Φ)2]
+
1
2
θµν
∫
d4xΦ†
[
Uµν +U
†
µν +
1
2
µ2Fµν
− 2iλΦ(DµΦ)†DνΦ
]
Φ . (20)
where, Dµ = ∂µ − iVµ and the operator Uµν is
Uµν =
[←−
∂ ̺ + iV̺
][−∂̺Vµ∂ν −Vµ∂̺∂ν + ∂µV̺∂ν
+ iV̺Vµ∂ν +
i
2
VµVν∂̺ +
i
2
∂̺(VµVν)
+
1
2
V̺VµVν +
i
2
{Vµ, ∂νV̺ + Fν̺}
]
. (21)
Here, Vµ is a 2× 2 matrix which is defined as Vµ = g′AµYΦ1 + g BaµT aL . The explicit form
of Vµ is [31]
Vµ =

eAµ + g (1−2 sin2 θw)2 cos θw Zµ g√2W+µ
g√
2
W−µ − g2 cos θwZµ

 (22)
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Analysis of Eq. (20) reveals that the Higgs sector induce contributions into pure gauge sector
of the noncommutative standard model. Proceeding similarly as in [31] the interactions
yielding to QGC’s are those terms in (20) which contain multiplication of four Vµ matrices,
i.e.,
−1
2
θµν
∫
d4xΦ†
(
iV̺V
̺VµVν + iV̺V
µVνV
̺
− iV̺VµV̺Vν + iVµVνV̺V̺ − iVµV̺VνV̺
+ HermitianConjugate
)
Φ , (23)
Using the explicit form of Vµ and choosing the Higgs field to be in unitary gauge
Φ(x) =
1√
2

 0
h(x) + υ

 , υ =√−µ2/λ (24)
after symmetry breaking, the Higgs induced interactions into pure gauge sector are found
to be
−i2M
2
W
g
θµν
∫
d4x
(
ZρW
−ρW+µ Zν + · · ·
+ W−ρ A
ρAµW
+
ν + · · ·
+ W−ρ A
ρZµW
+
ν + · · ·
+ W−ρ W
+ρW−µW+ν + · · · ) , (25)
where, we have used υ = 2MW
g
for later convenience. These interactions are of dimension-4
and hence momentum independent. Notice that the electroweak gauge action of minimal
noncommutative model is exactlly the same as that of the standard model. In this case,
only the Higgs induced interactions can contribute to O(θ) Feynman rules for electroweak
QGC’s.
III. FEYNMAN RULES FOR QGC’S
The Feynman rule associated to a coupling diagram can be obtained straightforwardly
by variation of the corresponding interactions. We used Eq. (12) to obtain the standard
rules forW−W+W−W+, W−W+γγ, W−W+ZZ and W−W+Zγ. In the minimal model the
effective interactions which contribute to O(θ) Feynman rules arise from the Higgs induced
interactions, i.e., (25). In the non-minimal model, contrary to the minimal case, the effective
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interactions arise from the O(θ) extension of the pure gauge action. We used Eq. (15) to get
the rules of non-minimal model for pure electroweak QGC’s and Eqs. (17), (18) to derive
the associated vertex functions for γggg and Zggg couplings. All momenta are assumed
to be incoming into vertices. Here are the θ−expanded Feynman rules for all QGC’s in
electroweak gauge sector of noncommutative standard model.
1. W−W+W−W+ coupling,
W+ν , p
+ W−κ , p
′−
W−µ , p
− W+λ , p
′+
(a) Standard model
ig2 (2 gνλgµκ − gνκgλµ − gµνgκλ) , (26)
(b) Minimal/Non-minimal model
Eq. (26)− 3
4
M2W g
2 (θκλgµν + θκνgµλ + θµλgνκ + θµνgκλ) . (27)
Equation (26) is the standard Feynman rule forW−W+W−W+ coupling. It is derived
from the gauge action of the standard model and is symmetric under substitutions
µ ⇄ κ and independently under ν ⇄ λ. It is also symmetric under simultaneous
substitutions of µ ⇄ κ and ν ⇄ λ. These symmetries can be inferred from the
above coupling diagram because exchanging two W− bosons with each other does not
change the physical situation. A similar argument can be made also for exchange of
W+ bosons. The θ-dependent part of the rule (27) results from the Higgs induced
interactions (25) in the minimal case. It satisfies explicitly the symmetries of Eq. (26).
As we mentioned earlier, the gauge sector of non-minimal model does not contribute
to W−W+W−W+ coupling and expression (27) is the θ-expanded Feynman rule for
both the minimal and non-minimal models.
2. W−W+γγ coupling,
11
Aν , q W+κ , p
+
W−µ , p
− Aλ, q′
(a) Standard model
− ie2 (2 gνλgµκ − gνκgλµ − gµνgκλ) , (28)
(b) Minimal model
Eq.(28)− 2M2W e2 (θκλgµν − θνκgµλ) , (29)
12
(c) Non-minimal model
Eq. (29) + g′g2k2 sin θw cos θw
({(−2θαρgµκgνλ + 2θαρgκλgµν)q′ρ
+ [(−θσαp+σ + θσαp−σ )gµλ + 2θµαq′λ + 2θαλq′µ − θµαp−λ − θαλp+µ
+ (−p+α − 2q′α − p−α )θµλ]gνκ + [θσαp+σ gµν − 2θανq′µ − 2θµαq′ν + θανp+µ + θµαp+ν
+ (2q′α − p+α )θµν ]gκλ + [−θσαp−σ gνλ + 2θανq′λ − 2θαλq′ν + θαλp−ν − θανp−λ
+ (−p−α + 2q′α)θνλ]gµκ + [−θακp−ν + θανp−κ + θακp+ν − θανp+κ
+ (p−α − p+α )θνκ]gµλ + [2θακq′µ + θµαp−κ − θακp+µ − θµαp+κ
+ (p+α + p
−
α + 2q
′
α)θµκ]gνλ + [−2θακq′λ − θαλp−κ + θακp−λ + θαλp+κ
+ (p+α + p
−
α + 2q
′
α)θκλ]gµν}qα + {[(−θσρp+σ + θσρp−σ )gµλ − θµρp−λ − θµλp−ρ
+ 2θµρqλ − θρλp+µ − θµλp+ρ + 2θρλqµ]gνκ + (θνρp+µ + θµρp−ν + θµνp+ρ − θµρp+ν
− 2θνρqµ + θµνp−ρ − θσρp−σ gµν)gκλ + [θσρp+σ gνλ + θνλp+ρ + θνλp−ρ + 2θνρqλ
− θνρp−λ + (−p−ν + p+ν )θρλ]gµκ + [θνκp+ρ − θνκp−ρ + (p−κ − p+κ )θνρ
+ (−p+ν + p−ν )θρκ]gµλ + (θρκp+µ − θµκp+ρ + θµρp+κ − 2θµρqκ − 2θρκqµ)gνλ
+ (−θρκp−λ + θρλp−κ + 2θρκqλ − 2θρλqκ − θκλp−ρ)gµν}q′ρ + [(θµρq′λ + θµρqλ
+ θρλqµ + θρλq
′
µ)p
+
ρ + (−θσµp−σ − θσµp+σ )q′λ + (θρλqµ + θρλq′µ)p−ρ + (−θσµp−σ
− θσµp+σ )qλ]gνκ + [(θνρq′µ − θµρq′ν + θνρqµ)p+ρ + θνρp−ρ q′µ + (−θσνp−σ
− θσνp+σ )q′µ − θσνp+σqµ + (θσµp+σ + θσµp−σ )q′ν ]gκλ + [(−θρλq′ν − θνρq′λ)p+ρ
+ (−θνρp−ρ + θσνp−σ + θσνp+σ )q′λ + (−θνρqλ − θρλq′ν)p−ρ + θσνp−σqλ]gµκ
+ [(−θνρqκ + θρκq′ν)p+ρ + (θσνp+σ + θνρp−ρ − θσνp−σ )qκ − θρκp−ρ q′ν ]gµλ
+ [(−θµρqκ − θρκq′µ − θρκqµ)p+ρ + (θσµp+σ + θσµp−σ )qκ − θρκp−ρqµ]gνλ
+ (θρκqλ − θρλqκ)gµνp+ρ + (θρκp−ρ q′λ − θρλp−ρ qκ + θρκp−ρ qλ)g µν + (θµλp+ν
+ θµνp
−
λ + θνλp
+
µ + θµλp
−
ν − 2θµνq′λ − 2θνλq′µ + 2θµλq′ν)qκ + (−θµνp−κ
− θµνp+κ − θνκp+µ + 2θνκqµ − θµκp−ν + θµκp+ν )q′λ + (−θµνp−κ − 2θµκq′ν + θµνp+κ
− θµκp−ν − θµκp+ν + θνκp+µ − 2θνκq′µ)qλ + (−θκλp+ν − θνλp−κ + θνκp−λ + θκλp−ν
− θνλp+κ)q′µ + (−θνκp−λ + θνλp−κ − θκλp−ν − 2θκλq′ν − θκλp+ν − θνλp+κ )qµ
+ (θµλp
+
κ + θκλp
+
µ + θµκp
−
λ + θµλp
−
κ )q
′
ν
)
. (30)
Equation (28) for W−W+γγ coupling is familiar from the standard model. The ex-
change of two photons would lead to a topologically equivalent diagram. The as-
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sociated rules are therefore required to be symmetric under substitutions ν ⇄ λ.
Equations (28) and (29) obviously satisfy this requirement. The O(θ) contribution of
the rule (29) is derived from Higgs sector induced interactions. Equation (30) repre-
sents the Feynman rule for the non-minimal extended model and contains a lengthy
momentum dependent part. These terms are derived from (15). In this case, momenta
must be simultaneously r with each other as ν, λ indices are substituted.
3. W−W+ZZ coupling,
Zν , k W
+
κ , p
+
W−µ , p
− Zλ, k′
(a) Standard model
− ig2 cos2 θw (2 gνλgµκ − gνκgλµ − gµνgκλ) , (31)
(b) Minimal model
Eq.(31) − M
2
W
cos2 θw
g2
[−7θµκgνλ − 2θκλgµν + 2θνκgµλ + 2θµλgνκ + 2θµνgκλ
+ sin2 θw(−3θκλgµν + 3θνκgµλ − θµλgνκ − θµνgκλ + 4θµκgνλ) + sin4 θw(4θκλgµν − 4θνκgµλ)
]
,(32)
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(c) Non-minimal model
Eq.(32) + g′g2k2 sin θw cos θw
({(− 2θαρgµκgνλ + 2θαρgκλgµν)k′ρ
+ [(−θσαp+σ + θσαp−σ )gµλ + 2θµαk′λ + 2θαλk′µ − θµαp−λ − θαλp+µ
+ (−p+α − 2k′α − p−α )θµλ]gνκ + [θσαp+σ gµν − 2θανk′µ − 2θµαk′ν + θανp+µ + θµαp+ν
+ (2k′α − p+α )θµν ]gκλ + [−θσαp−σ gνλ + 2θανk′λ − 2θαλk′ν + θαλp−ν − θανp−λ
+ (−p−α + 2k′α)θνλ]gµκ + [−θακp−ν + θανp−κ + θακp+ν − θανp+κ
+ (p−α − p+α )θνκ]gµλ + [2θακk′µ + θµαp−κ − θακp+µ − θµαp+κ
+ (p+α + p
−
α + 2k
′
α)θµκ]gνλ + [−2θακk′λ − θαλp−κ + θακp−λ + θαλp+κ
+ (p+α + p
−
α + 2k
′
α)θκλ]gµν}kα + {[(−θσρp+σ + θσρp−σ )gµλ − θµρp−λ − θµλp−ρ
+ 2θµρkλ − θρλp+µ − θµλp+ρ + 2θρλkµ]gνκ + (θνρp+µ + θµρp−ν + θµνp+ρ − θµρp+ν
− 2θνρkµ + θµνp−ρ − θσρp−σ gµν)gκλ + [θσρp+σ gνλ + θνλp+ρ + θνλp−ρ + 2θνρkλ − θνρp−λ
+ (−p−ν + p+ν )θρλ]gµκ + [θνκp+ρ − θνκp−ρ + (p−κ − p+κ )θνρ + (−p+ν + p−ν )θρκ]gµλ
+ (θρκp
+
µ − θµκp+ρ + θµρp+κ − 2θµρkκ − 2θρκkµ)gνλ + (−θρκp−λ + θρλp−κ + 2θρκkλ
− 2θρλkκ − θκλp−ρ)gµν}k′ρ + [(θµρk′λ + θµρkλ + θρλkµ + θρλk′µ)p+ρ
+ (−θσµp−σ − θσµp+σ )k′λ + (θρλkµ + θρλk′µ)p−ρ + (−θσµp−σ − θσµp+σ )kλ]gνκ
+ [(θνρk
′
µ − θµρk′ν + θνρkµ)p+ρ + θνρp−ρ k′µ + (−θσνp−σ − θσνp+σ )k′µ − θσνp+σkµ
+ (θσµp
+
σ + θσµp
−
σ )k
′
ν ]gκλ + [(−θρλk′ν − θνρk′λ)p+ρ + (−θνρp−ρ + θσνp−σ
+ θσνp
+
σ )k
′
λ + (−θνρkλ − θρλk′ν)p−ρ + θσνp−σkλ]gµκ + [(−θνρkκ + θρκk′ν)p+ρ
+ (θσνp
+
σ + θνρp
−
ρ − θσνp−σ )kκ − θρκp−ρ k′ν ]gµλ + [(−θµρkκ − θρκk′µ − θρκkµ)p+ρ
+ (θσµp
+
σ + θσµp
−
σ )kκ − θρκp−ρkµ]gνλ + (θρκkλ − θρλkκ)gµνp+ρ + (θρκp−ρ k′λ
− θρλp−ρ kκ + θρκp−ρ kλ)g µν + (θµλp+ν + θµνp−λ + θνλp+µ + θµλp−ν − 2θµνk′λ
− 2θνλk′µ + 2θµλk′ν)kκ + (−θµνp−κ − θµνp+κ − θνκp+µ + 2θνκkµ − θµκp−ν
+ θµκp
+
ν )k
′
λ + (−θµνp−κ − 2θµκk′ν + θµνp+κ − θµκp−ν − θµκp+ν + θνκp+µ − 2θνκk′µ)kλ
+ (−θκλp+ν − θνλp−κ + θνκp−λ + θκλp−ν − θνλp+κ)k′µ + (−θνκp−λ + θνλp−κ − θκλp−ν
− 2θκλk′ν − θκλp+ν − θνλp+κ )kµ + (θµλp+κ + θκλp+µ + θµκp−λ + θµλp−κ )k′ν
)
. (33)
The symmetry properties of (31) - (33) are exactly the same as Eqs. (28) - (30). The
exchange of Z0 bosons leaves the physical content of the diagram unchanged. The
rules to be consistent with this requirement must be symmetric under substitutions
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ν ⇄ λ. Notice that, in (30) momenta must be replaced with each other simultaneously
as the indices are exchanged.
4. W−W+Zγ coupling,
Aν , q W+κ , p
+
W−µ , p
− Zλ, k
(a) Standard model
− ie2 cot θw (2 gνλgµκ − gνκgλµ − gµνgκλ) , (34)
(b) Minimal model
Eq. (34) +
1
2
M2W eg
[−6θκλgνµ − 2θκµgνλ − 3θνκgλµ + 2θµλgκµ + θνµgκλ
+ (4θκλgνµ − 4θνκgλµ) sin2 θw
]
, (35)
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(c) Non-minimal model
Eq. (35) + g′g2k2
[
cos2 θw
(
(θκλgµν − θµλgνκ − θνλgµκ + θµκgνλ + θνκgµλ)qα2
+ {(−θακgνλ + θαλgνκ)qµ + [2 θακqλ + (−θαρp−ρ − θαρkρ)gκλ − 2 θαλqκ + θακkλ
+ (p−κ − kκ)θαλ + (kα + p−α )θκλ]gµν + [θαρp−ρgµλ + (−p−µ + kµ)θαλ
+ (−p−α − kα)θµλ + θµαkλ]gνκ + [θαρkρgµκ + (−kµ − p−µ )θακ + (kα + p−α)θµκ
− θµαkκ − θµαp−κ ]gνλ + (θανp−µ + θανkµ + θµαp−ν − θµνp−α + θµνkα)gκλ
+ (θαλgµκ − θακgµλ)qν + (θνλkα − θανkλ)gµκ + (−θνκp−α − θανp−κ + θακp−ν)gµλ}qα
+ [−θνκqλ + (θρλkρ + θρλp−ρ )gνκ + (−2θρκp−ρ + θρκkρ)gνλ + (θνρp−ρ + θνρkρ)gκλ
− θκλqν + θνλqκ − θνκkλ + (−kκ − 2p−κ )θνλ − θκλp−ν ]qµ + [(θρκp−ρ − θρκkρ)qλ
− θρλqκp−ρ ]gµν + [(θµρkρ + θµρp−ρ )gνκ − θµκqν − θνρkρgµκ − θµκp−ν + (kµ + p−µ )θνκ
+ θµνp
−
κ − θµνkκ]qλ − θµρqκp−ρ gνλ − 2 θµρqνkρgκλ + (−θµκkλ + θµλkκ − θρλkρgµκ
− θκλkµ + θµλqκ)qν − θνρqκp−ρgµλ + (θµλp−ν + θνλp−µ )qκ
)
+ sin2 θw
({[(−θσηp−σ + θσηqσ)gκλ + (−p+λ + qλ)θηκ + (p+κ − p−κ )θηλ
+ (kη)θκλ]gµν + [(−θσηp+σ + θσηp−σ )gµλ + (p−µ − qµ)θηλ
+ (p+λ − qλ)θµη + (−kη)θµλ]gνκ + [(θσηp+σ − θσηqσ)gµκ + (p−µ − qµ)θηκ
+ (p−κ − p+κ)θµη + (kη)θµκ]gνλ + [(p+λ − qλ)θην + (qν − p+ν )θηλ
+ (p+η − qη)θνλ]gµκ + [(p−κ − p+κ )θην + (p+ν − p−ν )θηκ + (−p+η + p−η )θνκ]gµλ
+ [(−p−µ + qµ)θην + (−p−ν + qν)θµη + (−qη + p−η )θµν ]gκλ}kη + [(θσλp+σ + θσλqσ
+ θσλp
−
σ )kκ + (θσκkσ)kλ]gµν + [(θσλkσ)kµ − θσµkσkλ]gνκ
+ [(−θσκkσ)kµ + (θσµkσ)kκ]gνλ + [(θσνp−σ − θσνqσ)gκλ + (p+λ − qλ)θνκ + (p−κ − p+κ )θνλ
− (kν)θκλ]kµ + [(−θσνp−σ + θσνp+σ )gµλ + (−p+λ + qλ)θµν + (kν)θµλ + (−p−µ + qµ)θνλ]kκ
+ [(−θσνp+σ + θσνqσ)gµκ + (p+κ − p−κ)θµν − (kν)θµκ + (−p−µ + qµ)θνκ]kλ
)]
. (36)
The rule (34) is the standard model vertex function for W−W+Zγ coupling. In the
present case there is no explicit exchange symmetry. Equation (35) represents the
θ-expanded rule for the minimal noncommutative model. Its θ-dependent part is
obtained from the Higgs induced interactions. Equation (36) is the Feynman rule for
non-minimal extended model. The momentum dependent part of (36) is derived from
the gauge action (15).
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5. γggg coupling,
Gaν , p G
b
κ, p
′
Aµ, q Gcλ, p
′′
(a) Non-minimal model
g′ g3s cos θwf
bac
({[2θσρp′σgκλ − 2θσρp′′σgκλ + (2p′λ − 2pλ)θρκ
+ (−2p′′κ + 2pκ)θρλ]gνµ + [−2θσρpσgνλ + 2θσρp′′σgνλ + (−2p′λ + 2pλ)θνρ
+ (2p′′ν − 2p′ν)θρλ]gκµ + [2θσρpσgνκ − 2θσρp′σgνκ + (2p′′κ − 2pκ)θνρ
+ (2p′′ν − 2p′ν)θρκ]gλµ + ((−2p′λ + 2pλ)θρµ + (−2pµ + 2p′µ)θρλ)gνκ
+ [(2p′′κ − 2pκ)θρµ + (−2p′′µ + 2pµ)θρκ]gνλ + [(−2p′′µ + 2p′µ)θνρ
+ (2p′ν − 2p′′ν)θρµ]gκλ}qρ + [−2θσλqσqκ + 2θσκqσqλ + 2θκλqσqσ]gνµ + [2θσλqσqν
− 2θσνqσqλ − 2θνλqσqσ]gκµ + [−2θσκqσqν + 2θσνqσqκ + 2θνκqσqσ]gλµ + [−2θσµp′σgκλ
+ 2θσµp
′′
σgκλ + (2p
′
λ − 2pλ)θκµ − 2qµθκλ + (−2p′′κ + 2pκ)θλµ]qν
+ [2θσµpσgνλ − 2θσµp′′σgνλ + (2p′λ − 2pλ)θνµ + 2qµθνλ + (2p′′ν − 2p′ν)θλµ]qκ
+ [−2θσµpσgνκ + 2θσµp′σgνκ + (−2p′′κ + 2pκ)θνµ − 2qµθνκ + (2p′′ν − 2p′ν)θκµ]qλ
+ [(2θκµgνλ − 2θλµgνκ)pσ + (2θλµgνκ − 2θνµgκλ)p′σ − (2θκµgνλ − 2θνµgκλ)p′′σ]qσ
)
.(37)
The γggg coupling is forbidden in the standard model. The rule (37) is derived
from (17) and is allowed only in the non-minimal noncommutative model. Because
the exchange of gluons leaves the diagram topologically invariant, the rule must be
symmetric under simultaneous substitutions of ν ⇄ κ, a ⇄ b, p ⇄ p′ and indepen-
dently under ν ⇄ λ, a⇄ c, p⇄ p′′ as well as under κ⇄ λ, b⇄ c, p′ ⇄ p′′. Also, the
cyclic symmetry ν ⇄ κ⇄ λ, a⇄ b⇄ c, p⇄ p′ ⇄ p′′ must be satisfied.
6. Zggg coupling,
Gaν , p G
b
κ, p
′
Zµ, k Gcλ, p
′′
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(a) Non-minimal model
g′ g3s sin θwf
abc
({[2θσρp′σgκλ − 2θσρp′′σgκλ + (2p′λ − 2pλ)θρκ
+ (−2p′′κ + 2pκ)θρλ]gνµ[−2θσρpσgνλ + 2θσρp′′σgνλ + (−2p′λ + 2pλ)θνρ
+ (2p′′ν − 2p′ν)θρλ]gκµ[2θσρpσgνκ − 2θσρp′σgνκ + (2p′′κ − 2pκ)θνρ
+ (2p′′ν − 2p′ν)θρκ]gλµ((−2p′λ + 2pλ)θρµ + (−2pµ + 2p′µ)θρλ)gνκ
+ [(2p′′κ − 2pκ)θρµ + (−2p′′µ + 2pµ)θρκ]gνλ + [(−2p′′µ + 2p′µ)θνρ
+ (2p′ν − 2p′′ν)θρµ]gκλ}kρ + [−2θσλkσkκ + 2θσκkσkλ + 2θκλkσkσ]gνµ + [2θσλkσkν
− 2θσνkσkλ − 2θνλkσkσ]gκµ + [−2θσκkσkν + 2θσνkσkκ + 2θνκkσkσ]gλµ + [−2θσµp′σgκλ
+ 2θσµp
′′
σgκλ + (2p
′
λ − 2pλ)θκµ − 2kµθκλ + (−2p′′κ + 2pκ)θλµ]kν
+ [2θσµpσgνλ − 2θσµp′′σgνλ + (2p′λ − 2pλ)θνµ + 2kµθνλ + (2p′′ν − 2p′ν)θλµ]kκ
+ [−2θσµpσgνκ + 2θσµp′σgνκ + (−2p′′κ + 2pκ)θνµ − 2kµθνκ + (2p′′ν − 2p′ν)θκµ]kλ
+ [(2θκµgνλ − 2θλµgνκ)pσ + (2θλµgνκ − 2θνµgκλ)p′σ − (2θκµgνλ − 2θνµgκλ)p′′σ]kσ
)
.(38)
The Zggg coupling is also forbidden in the standard model at tree level. This vertex
function is derived from (18) and is allowed only in the non-minimal model. The
symmetry properties of (38) are the same as that of the rule (37).
IV. DISCUSSIONON PHENOMENOLOGICAL PERSPECTIVES OF THEMODEL
To give an intuitive understanding of the model and in particular, the Feynman rules
developed in the previous section, let us consider the W−W+ → ZZ scattering. In the
context of the standard model and at tree level, the scattering amplitude of process is
the sum over amplitudes of diagrams 1 - 4, in Appendix A. Using the analysis of relevant
diagrams the scattering cross section is estimated approximately to be around 68 pb (10−12
barn). The amplitude for the contact interaction grows rapidly as the centre of mass (c.m.)
energy
√
s increases. The amplitudes of t-channel and the exchange diagrams give rise
respectively to forward and backward scattering. On the other hand, the Higgs mediated
diagram effectively tames the amplitude of the contact interaction and there is a strong
cancellation in the high energy behaviour of individual amplitudes. The total cross section
ultimately reaches to a nearly constant value at large c.m. energies. It is well known that,
only the scattering of longitudinally polarized bosons is responsible for the leading behaviour
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of scattering amplitudes at high energy limit. Then, let us define the kinematics of scattering
as
p± = (E, 0 , 0 , ±p) , (39a)
k± = (E, 0, ±p sin θ, ±p cos θ) , (39b)
ε±(p) =
(
p
MW
, 0 , 0 , ± E
MW
)
, (39c)
ε±(k) =
(
p
MZ
, 0 , ±E sin θ
MZ
, ±E cos θ
MZ
)
. (39d)
Here, θ and φ are respectively the polar and azimuthal angle. The momenta of incoming
W± and outgoing Z0 bosons in the c.m. reference frame are respectively denoted by p±
and k±. Also, ε±(p) and ε±(k) are used for polarization vectors of corresponding bosons.
The general features of the scattering can be understood from Figs. 1 - 3. In the standard
model, the azimuthal distribution of differential cross section, i.e., dσ
dφ
, is expected to be
flat. The dσ
dφ
distributions at θ = π
2
have been shown in Fig. 1, for
√
s = 1.0, 1.5, and 2.0
TeV. Figure 2, displays the θ−integrated dσ
dφ
distributions at same c.m. energies. On the
other hand, because of the t and u−channel diagrams the φ−integrated cross sections dσ
d cos θ
are expected to be very forward-backward distributions. The dσ
d cos θ
distributions have been
shown in Fig. 3. For numerical evaluations some approximations were made. We neglected
the decay width of intermediate bosons and assumed they were being nearly stable particles.
Also, the integrations on θ and φ were performed approximately because the subsequent
similar integrations on dσNC
dΩ
(dΩ = sin θdθdφ) could not be evaluated exactly in a reasonable
computation time. We preferred to use the same level of accuracy for all of numerical
evaluations from the beginning. The masses of weak bosons are MW = 80.38, MZ = 91.18
and the Higgs mass is MH = 125.0 GeV based on last issue of Particle Data Group [48].
Furthermore, the parameter k2 (see the rule (33)) is assumed to be 0.4 [40]. In our evaluations
the total cross section approaches to 28 pb at
√
s = 1.5 TeV. This is about 12.5% smaller
than the exact value 32 pb [41].
Now, we consider the process in the context of noncommutative standard model. The
usual parametrization for deformation quantity is θµν = cµν/Λ2NC where, c
µν is a dimension-
less matrix of order unity and ΛNC is the overall scale which characterizes the threshold
that noncommutative effects become relevant [42–44]. The cµν matrix is analogous to the
(electromagnetic) field tensor in structure. However, it is not at all a tensor because its
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elements are assumed to be constant in all reference frames. Before proceeding to numerical
analysis let us make some general remarks regarding calculation of scattering amplitudes.
Firstly, two distinct cases should be discussed separately: The space-space or B−field
type noncommutativity which means the elements cij (i, j run from 1 to 3) are non-vanishing
and space-time or E−field type noncommutativity which means c0j elements are non-zero.
Two types may have some features in common. The later type has been known to have
some problems concerning the unitary and causality considerations [46, 47]. Here, we will
consider only the case of space-space noncommutativity.
Secondly, because that the vertex functions for minimal and non-minimal extended mod-
els are different, their phenomenological perspectives should be discussed separately. In
evaluation of amplitudes we used (32), (33) (based on the model under consideration) and
also the relevant θ−expanded rules developed in [31, 39]. Notice that the amplitude of dia-
gram 4 is equal in the minimal and non-minimal models because the Higgs couplings remain
the same in both model extensions. This diagram may cause a distinction between two cases
through interference contributions.
Lastly, as we mentioned earlier, noncommutative model introduces new interactions which
are forbidden in the standard model. Those that are relevant to our discussion are ZZZ
and γZZ couplings [31]. By using these vertices, it is possible to add diagrams 5, 6 into
standard Feynman graphs. Note that the later diagram is allowed only in the non-minimal
noncommutative extension of the standard model. The scattering amplitudes of these dia-
grams are of order (θ2) and their interference contributions are much important than their
individual contributions to the total cross section.
A. B-type noncommutativity
Let us assume
−→
θ B =
1√
3
(ˆi + jˆ + kˆ) where θkB ≡ ǫijkcij for the case of B-field type
noncommutativity. This is a constant vector and aligns in a specific direction in space (in
all reference frames). As the earth rotates and revolves around the Sun, the direction of
−→
θ B continuously changes and observable quantities are expected to show a specific time
dependence. For those instants that our assumption on direction of
−→
θ B is satisfied the
dσNC
dφ
and dσNC
d cos θ
distributions show a characteristic oscillatory behaviour. We have shown the
numerical results of noncommutative standard model in Figs. 4 - 15 in Appendix B. The
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figures in rows, from left to right, correspond respectively to dσNC
dφ
at θ = π
2
, the θ−integrated
dσNC
dφ
and φ−integrated dσNC
d cos θ
distributions for different values of ΛNC and those in columns
display the same quantity at different incident energies. Figure 4, exhibits the azimuthal
distributions dσNC
dφ
at θ = π
2
and
√
s = 1.0 TeV for ΛNC = 0.6, 0.8, 1.2, 1.5, 1.8 TeV and ∞
in the context of minimal noncommutative model. Figure 5, represents the integrated dσNC
dφ
distributions and Fig. 6 is the integrated dσNC
d cos θ
distributions at the same c.m. energy for
different scales. The evolution of differential cross sections by variation of noncommutativity
scale can be easily understood from these graphics. We see that dσNC
dφ
distributions show an
oscillatory behaviour with crests at φ = 3π
4
, 7π
4
. As the noncommutativity scale increases,
the crests smoothly collapse and disappear at large enough scales. In particular, in the limit
of ΛNC = ∞, we recover the results of the standard model (see blue curves in Figs.1 - 3).
The dσNC
d cos θ
distributions show a symmetric pattern around θ = π
2
with two local maxima
at θ = π
4
, 3π
4
as in Fig. 6. The dashed curve is for ΛNC = 0.6 TeV. Others are, however,
hidden because they are tiny at
√
s = 1.0 TeV. From phenomenological point of view the
appearance of local maxima at θ = π
4
, 3π
4
means that particles are scattered much likely
either in forward direction from θ = 0 to θ = π
4
or in backward direction from θ = 3π
4
to
θ = π. Note that dσNC
d cos θ
distributions are forward-backward symmetric as in the standard
model. In Figs. 7 - 9, we have shown the same distributions at
√
s = 1.5 TeV. The general
features of azimuthal distributions are as those in Figs. 4, 5 except that in the present case
crests are much sharp for ΛNC = 0.6 while others are hidden. Observe that the local maxima
for ΛNC = 0.8 are visible in Fig. 7. By comparing the results we can conclude immediately
that for a given scale ΛNC as the center of mass energy increases crests become sharp and
much strong (compare Figs. 4 - 6 respectively with Figs. 5 - 7). Again, by increasing ΛNC,
the oscillation amplitudes collapse and disappear as before.
Next, we consider the non-minimal noncommutative standard model. Figures 10 - 12,
display the numerical results of non-minimal model at
√
s = 1.5 TeV. The phenomenological
implications of minimal and non-minimal models can be easily understood and compared
using Figs. 7 - 12. In the context of non-minimal model, azimuthal distributions upto a
numerical factor of order 105 are essentially the same as those in the minimal model. The
dσNC
d cos θ
distributions are, however, much different from similar distributions in the minimal
case both in shape and scale. In this case, dσNC
d cos θ
distributions show a strong peak at θ = π
2
and outgoing Z0 bosons are expected to be scattered most likely around θ = π
2
. Let us
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recall that Z0 bosons are distributed symmetrically in forward and backward directions.
Figurers 13 - 15, exhibit the expected results of non-minimal model at
√
s = 2.0 TeV.
Again, as ΛNC increases, the characteristic oscillations of distributions are suppressed and
disappear at ΛNC =∞.
B. Estimation of number of events in noncommutative model
The number of events, i.e., the number of W+W− → ZZ (subprocess) scatterings, can
be used to give a direct sense of implications of the noncommutative model. Assuming
the integrated luminosity 100 fb−1, we estimated the number of signals in the context of
standard model (SM), minimal noncommutative standard model (mNCSM) as well as the
non-minimal model (nmNCSM) for some values of ΛNC at c.m. energies
√
s = 1.0, 1.5, and
2.0 TeV in Table I. The last three lines (ΛNC =∞) correspond to predictions of the standard
model.
V. SUMMARY AND CONCLUSION
We examined the gauge sector of both the minimal and non-minimal noncommutative
standard model and obtained the O (θ) Feynman rules for all QGC’s. It was found that
the Higgs part of the action induces contributions into electroweak gauge sector of noncom-
mutative standard model. In the minimal case and upto the leading order of deformation
quantity, the electroweak gauge sector of the model is the same as that of the standard
model and only the Higgs sector induced interactions contribute to O (θ) Feynman rules
for gauge boson couplings. These contributions are of dimension-4 and momentum inde-
pendent. In contrast, in the non-minimal case the gauge sector of the model contributes to
QGC’s through dimension-6 and momentum dependent interactions. Also, two anomalous
couplings appear in the non-minimal model where photon as well as the neutral weak boson
are coupled directly to three gluons. Such an electroweak-chromodynamics mixing is for-
bidden in the standard model at tree level. We studied the phenomenological implications
of the model in W−W+ → ZZ scattering and showed that noncommutativity od spacetime
manifest itself through a characteristic oscillatory behaviour in azimuthal distribution of
differential cross sections. In particular, for the case of space-space noncommutativity we
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Model
√
s (TeV) ΛNC (TeV) No. of events
0.6 1.130 × 107
mNCSM 1.0 1.2 3.651 × 106
1.8 3.158 × 106
0.6 1.921 × 109
mNCSM 1.5 1.2 1.080 × 108
1.8 6.200 × 108
0.6 5.543 × 1012
nmNCSM 1.5 1.2 1.790 × 1011
1.8 1.036 × 1011
0.6 1.054 × 1013
nmNCSM 2.0 1.2 3.427 × 1012
1.8 1.972 × 1011
1.0 ∞ 2.960 × 106
SM 1.5 ∞ 2.862 × 106
2.0 ∞ 2.763 × 106
TABLE I: Number of signals in mNCSM, nmNCSM and SM at integrated luminosity 100
fb−1.
evaluated scattering cross sections at
√
s = 1.0, 1.5, 2.0 TeV for ΛNC from 0.6 to 1.8 TeV
and found that the dσNC
dφ
distributions at θ = π
2
as well as the integrated dσNC
dφ
distributions
show a sinusoidal behaviour with crests at φ = 3π
4
, 7π
4
. For a given c.m. energy as ΛNC in-
creases crests smoothly collapse and disappear at large scales. On the other hand, for a fixed
value of ΛNC by increasing the c.m. energy crests become much strong and appear as sharp
peaks. Also, the dσNC
d cos θ
distributions show a symmetric pattern around θ = π
2
. However, the
patterns for minimal and non-minimal models are different in shape. In the minimal model,
two separate crests appear at θ = π
4
, 3π
4
while in the non-minimal case there is a central peak
at θ = π
2
and curves smoothly disappear at forward-backward directions. Analysis of dσNC
d cos θ
distributions indicate that in minimal model the number of events, in comparison with the
standard model, increases considerably in backward direction from θ = 0 to θ = π
4
and also
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in forward direction from θ = 3π
4
to θ = π while from θ = π
4
to θ = 3π
4
remains essentially
the same. In contrast, in the non-minimal case the number of events is expected to increase
from θ = π
4
to θ = 3π
4
with a sharp maximum at θ = π
2
. However, in both the models the
scattering is forward-backward symmetric. Assuming the integrated luminosity 100 fb−1, we
estimated the number of W−W+ → ZZ scatterings in both the minimal and non-minimal
noncommutative models for some values of ΛNC at c.m. energies
√
s = 1.0, 1.5, 2.0 TeV
and compared the results with predictions of the standard model. The number of events are
expected to increase by a factor of order 101 upto 105 in some cases.
Appendix A: Feynman diagrams
In the standard model, there are four diagrams which contribute to W−W+ → ZZ scat-
tering. These are contact coupling, t-channel, u-channel and the Higgs mediated s-channel
diagrams. In the context of noncommutative standard model the scattering amplitude of
these diagrams are evaluated using the θ-expanded vertex functions. Also, two new di-
agrams 5 and 6 are allowed in noncommutative extended model. Oserve that, the last
diagram contributes only in non-minimal model.
1. contact
W+ν Zλ
W−µ Zκ
2. t - channel
W+ν Zλ
W−µ Zκ
3. u - channel,
W+ν Zκ
W−µ Zλ
4. s - channel,
W+ν
H
Zλ
W−µ Zκ
5. s - channel,
W+ν
Z
Zλ
W−µ Zκ
6. s - channel,
W+ν
γ
Zλ
W−µ Zκ
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Appendix B: Figures
FIG. 1: Differential distribu-
tions dσ
dφ
at θ = π
2
in SM for
√
s = 1.0, 1.5, 2.0 TeV.
FIG. 2: The θ−integrated
dσ
dφ
distributions in SM for
√
s = 1.0, 1.5, 2.0 TeV.
FIG. 3: The φ−integrated
dσ
d cos θ
distributions in SM for
√
s = 1.0, 1.5, 2.0 TeV.
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FIG. 4: Differential distri-
butions dσNC
dφ
at θ = π
2
in
mNCSM for
√
s = 1.0 TeV.
FIG. 5: The θ−integrated
dσNC
dφ
distributions in
mNCSM for
√
s = 1.0
TeV.
FIG. 6: The φ−integrated
dσNC
d cos θ
distributions in
mNCSM for
√
s = 1.0 TeV.
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FIG. 7: Differential distri-
butions dσNC
dφ
at θ = π
2
in
mNCSM for
√
s = 1.5 TeV.
FIG. 8: The θ−integrated
dσNC
dφ
distributions in
mNCSM for
√
s = 1.5
TeV.
FIG. 9: The φ−integrated
dσNC
d cos θ
distributions in
mNCSM for
√
s = 1.5 TeV.
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FIG. 10: Differential distri-
butions dσNC
dφ
at θ = π
2
in nm-
NCSM for
√
s = 1.5 TeV.
FIG. 11: The θ−integrated
dσNC
dφ
distributions in nm-
NCSM for
√
s = 1.5 TeV.
FIG. 12: The φ−integrated
dσNC
d cos θ
distributions in nm-
NCSM for
√
s = 1.5 TeV.
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FIG. 13: Differential distri-
butions dσNC
dφ
at θ = π
2
in nm-
NCSM for
√
s = 2.0 TeV.
FIG. 14: The θ−integrated
dσNC
dφ
distributions in nm-
NCSM for
√
s = 2.0 TeV.
FIG. 15: The φ−integrated
dσNC
d cos θ
distributions in nm-
NCSM for
√
s = 2.0 TeV.
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